Conjugation between bacteria has been studied extensively in Escherichia coli K-12 (Jacob and Wollman, 1961; Hayes, 1962) . Luria and Burrous (1957) extended this form of genetic transfer to bacteria classified in different genera by demonstrating that E. coli donor strains could conjugate efficiently with members of the Shigella group. Genetic homology between these two groups of organisms was found to be extensive, although incomplete. Presumably, many of the Shigella species employed by Luria and Burrous were capable of causing enteric disease, but this aspect was not investigated.
Indeed, until recently, attempts to produce Shigella infections in small laboratory animals produced only erratic results. Formal et al. (1958 Formal et al. ( , 1959 , however, demonstrated a fatal enteric infection in either starved-or carbon tetrachloride-pretreated guinea pigs challenged orally with S. flexneri 2a. This infection produced lesions in both large and small bowel which resembled those seen in human cases of shigellosis. Several workers (Burnet, 1962; Burrows, 1962) have pointed out the relatively small amount of information that has been accumulated pertinent to the genetic study of microbial virulence. In many cases, such studies have been thwarted -by the lack of either or both suitable genetic transfer systems or infection models. Wilth the availability of methods to fulfill both of these prerequisites, we have examined alterations in the guinea pig virulence of S. flexneri 2a after conjugation with E. coli K-12.
MATERIALS AND METHODS Bacterial strains. The genetic characteristics of the strains employed in this study are shown in Table 1 .
Media. Meat extract agar and Penassay Broth (Difco) were used for the routine cultivation of organisms. Minimal agar and Eosin Methylene Blue (EMB) agar employed for the selection and purification of genetic hybrids were prepared as described previously (Falkow, Rownd, and Baron, 1962) . Mating procedures. Cells in the exponential It is not our intent to pursue the basis for the phase of growth were adjusted to a cell density loss of virulence during the T to 0 transition in of 5 X 108 per ml and mixed in appropriate this communication; this will be reported elsevolume ratios. Generally, 1 ml of the E. coli where. However, hybrids isolated for virulence donor was diluted into 4 ml of the S. flexneri testing were always plated on meat extract recipient in a 125-ml Erlenmeyer flask, which agar several times prior to animal challenge to was incubated at 37 C with gentle shaking. insure the use of clones exhibiting the charAfter 110 min, mating mixtures were diluted and acteristics of the T (Formal et al., 1958 (Formal et al., , 1959 . occasionally (about 1 in 104 divisions) giving Prior to challenge, the animals were given, by rise to an avirulent opaque or 0 colony form. stomach tube, 125 mg of calcium carbonate The T to 0 transition was characterized by a suspended in 5 ml of distilled water. The chalchange in the density and color of the colonies lenge dose was administered orally and varied on meat extract agar when examined under low between 5 X 107 and 1 X 10X organisms susmagnification with oblique transmitted light. pended in 10 ml of Brain Heart Infusion broth. This type of variation is apparently common in Tincture of opium (1 ml) was injected intra-S. flexneri strains since similar observations peritoneally 60 min after challenge to reduce were described by other investigators (Cooper, bowel. motility . Animals which succumbed within Keller, and Walters, 1957; Watkins, 1960) . 96 hr after challenge were recorded. VOL. 86, 1963 VIRULENCE OF GENETIC HYBRIDS FOR GUINEA PIGS
RESULTS
Genetic studies. Table 2 shows the frequency of recombination and the relative frequency of transfer of genetic characters from the various E. coli donor strains to the S. flexneri recipient. The gradient of recombination (transmission) is identical to that observed in Escherichia X Escherichia matings (Jacob and Wollman, 1961 ; also see Fig. 1 ). However, there was, as previously observed by Luria and Burrous (1957) , a 10-to 100-fold decrease in the frequency of recombination of Escherichia genes into Shigella as compared with E. coli X E. coli crosses. Moreover, about 5 to 10% of any recombinant class exhibits the properties of highly unstable partial diploids in which both the transferred Escherichia genes and the corresponding genes of the recipient may be recognized.
Among the Shigella hybrids, a large number of any one selected class failed to exhibit extensive substitution of E. coli genetic material. This was especially evident when selection was made for a distal character on the Hfr linkage group, and hybrids were scored for unselected proximal markers. Such selection is expected to represent the most homogenous class of zygotes to the Wtilization of lactose (lac), arabinose (ara), rhamnose (rha), mannitol (mtl), xylose (xyl), maltose (mal), fucose (fuc), and galactose (gal); resistance to streptomycin (str); production of indole (ind), and the pili antigen (pil). Symbols in brackets indicate that the location of the marker is approximate.
which have received a chromosomal segment extending to at least the selected marker from the Hfr parent (Jacob and Wollman, 1961) . The results of such an analysis from comparative matings between F-Shigella and E. coli with the W1895 and 1362 Hfr E. coli strains and selection for the distal markers maltose (mal+) and lactose (lac+), respectively, are shown in Table 3 . It can be seen from these data that, in an E. coli X E. coli cross, genetic markers of the Hfr parent proximal to the selected trait were present in about equal proportions. In E. coli X Shigella matings, however, only a small percentage of the hybrids exhibited one or more unselected markers and in the majority of these only genes closely linked to the selected marker. In those instances where linked substitution of Escherichia genes did occur, the results were consistent with a gene order in Shigella which is identical to E. coli. Thus, the lactose (lac+)-arabinose (ara+)-pili (pil+) genetic region and rhamnose Crosses between this donor and the indicated strr recipients were, therefore, performed on selective media containing 20 ,ug/ml of methionine; streptomycin (600 ,ug/ml) was employed as the contraselective agent.
(rha+)-indole (ind+)-xylose (xyl+)-maltose (mal+) genetic region would seem to be grossly homologous in both species.
These results with Shigella are in contrast to comparable crosses between E. coli and Salmonella. In this case, the large majority of Salmonella hybrids display many unselected markers, although over 90% of the hybrids were unstable partial diploids (Baron, Spilman, and Carey, 1960; Falkow et al., 1962) .
A possible explanation of these findings may be the nature of the pairing between the recipient chromosome (endogenote) and the transferred donor chromosome (exogenote). In Shtgella, and as was previously observed in Salmonella, the gross features of the chromosome appear to be identical to Escherichia. However, the effective pairing required for recombination over large segments of the chromosome is limited, presumably due to differences in the fine structure of the chromosome. In Salmonella, this poor pairing apparently results in a persistence of the exogenote with the possibility of recombinational events occurring over many generations. The genetic homology between Escherichia and Shigella would be less restricted as evidenced by transduction (Lennox, 1955) and molecular hybridization experiments (Marmur, Schildkraut, and Doty, 1961) . This might result in a rapid elimination of the exogenote and earlier recombinational events, although the divergence in chromosomal fine structure would still decrease the size of the genetic segments contributed by the E. coli donor to the Shigella recipient.
Virulence studies. Previous experience with orally administered Shigella has shown that a definite progressive relationship between dosage and response was not always apparent (Formal et al., 1958 (Formal et al., , 1959 . This lack of a graded response is due not only to sampling variation, but also to the innate variations which occur in the use of vigorously pretreated animals, as well as the possibility of different killing mechanisms at various dose levels. For these reasons, we have not been able to employ the LDs dose as an estimate of virulence. On-ther-other hand, it was observed that a dose of 5 X 107 to 1 X 1O. Shigella organisms administered orally, under our experimental conditions, consistently killed a large proportion of animals. Thus, the assessment of virulence of parental and hybrid strains was dependent primarily on an "all-or-none" type of response. At the outset, therefore, it should be clearly understood that it is possible (or even likely) that minor differences in the virulence of some hybrids were not detected by our procedures.
In this preliminary study, most of our effort was concerned with the use of hybrids carrying overlapping segments of the Escherichia genome. In this way, we hoped to identify a minimal number of chromosomal regions which might be responsible for the virulence of Shigella for the pretreated guinea pig. Hybrids could be classified into three distinct groups according to their leading, since their instability will always result in the inclusion of completely virulent cells in any given challenge dose. Moreover, in some inistances where moribund animals challenged with a partial diploid strain were sacrificed and cultured, up to 30% of the recovered cells were found to be haploid segregants. Although it is difficult to accurately predict the number of haploid virulent segregants present in any given challenge dose, the recovery of relatively large numbers of virulent haploids from some moribund animals does suggest that these haploids may have contnrbuted to the death of these animals.
On several occasions, the hybrid strain W-1 (lac+-ara+, virulent) was employed as a genetic recipient in back-crosses with Escherichia donor strains. The number of hybrids displaying extensive substitutions of Escherichia genetic material increased to some extent. There was no change in the virulence characteristics of the various hybrid classes other than those already described. acteristics were those that had acquired the pili antigen. The piliated hybrids have a markedly slower growth rate as compared with the Shigella parental strain and other hybrid classes. A generally reduced growth rate of piliated vs. nonpiliated bacteria was previously demonstrated by Brinton (1959) . Moreover, it is interesting to recall that S. typhosa which had acquired pili from E. coli W1895 also displayed a reduced rate of growth and a loss of virulence for the mouse (Baron et al., 1960) . On the other hand, Duguid and Gillies (1957) reported that many species of Shigella are normally fimbriated (piliated), and presumably many of these would be fully virulent. Thus, while it may be tempting to suggest that the lower virulence of Shigella which synthesizes Escherichia pili was due to a decreased growth rate, we have no definitive evidence to support this. A limited number of experiments were performed to study the extent of multiplication in the small bowel by the parental Shigella strain and several hybrids. Groups of pretreated animals were challenged per os with 5 X 107 to 5 X 108 organisms. At various time intervals, animals were sacrificed by cervical dislocation. The entire small bowel was removed and ground in a mortar with sterile sand and saline. The volume was noted, and tenfold serial dilutions were made. Samples (0.1 ml) of each dilution were spread on the surface of MacConkey agar plates for the enumeration of viable cells. The growth curves presented in Fig. 2 were constructed from such data obtained with the parental 2457T strain, a lac+-ara+ virulent hybrid (W-1), an ind+-xyl+-mal+ avirulent hybrid (WM-6), and a rha+-ind+-xyl+-ma1'-fuc+ avirulent hybrid (WM-11). Each point represents the geometric mean count from three animals. It can be seen that both the 2457T and W-1 strains multiplied and maintained high numbers of viable cells in the small bowel 24 hr after challenge. The avirulent WM-6 strain maintained itself for 4 hr after challenge. By the eighth hour (when the effects of the opium on intestinal motility had worn off), however, the number of viable WM-6 cells had decreased significantly and remained decreased 24 hr after challenge. The number of viable WM-11 cells dropped precipitously (<5 X 103 survivors) by the 4th hour and were barely detectable by the 24th hour. It appears that different mechanisms may be responsible for the avirulence of WM-6 and WM-11 strains. However, it should be recalled that the WM-11 hybrid carries two Escherichia chromosomal regions (rha+-ind+-xyl+, and fuc+), both of which when substituted for Shigella genetic material result in a reduction in virulence.
DIscussIoN
The genetic studies presented in this report confirm and extend the observations of Luria and Burrous (1957) that E. coli K-12 and Shigella exhibit genetic homology. With the demonstration that Shigella can incorporate segments of the Escherichia genome, it is hardly surprising that hybrids may be isolated which show alterations in virulence. Indeed, the retention of virulence by some hybrids after the incorporation of up to 15% of the Escherichia genome seems of equal significance.
Although this report has been primarily concerned with the inherent factors which permit S. flexneri to cause a fatal infection in guinea pigs, the pretreatment of the host which allows the expression of these factors should not be ignored. Three requisites to achieve a fatal infection in this animal have been suggested: (i) the organism must multiply in the small intestine (Formal et al., 1963) , (ii) it must penetrate the intestinal epithelium (LaBrec and Formal, 1961) , and (iii) it must elaborate some pharmacologically active material (perhaps endotoxin) to which the animal is made more sensitive by the pretreatment procedure (Formal, Noyes, and Schneider, 1960) . The in vivo studies reported here show that there was a marked difference in growth of virulent and avirulent Shigella hybrids in the small bowel of our experimental model. Thus, the avirulent hybrid WM-11 was not capable of multiplication in the small intestine. Its disappearance from this region was so rapid that one might suggest that this hybrid strain is sensitive to some substance secreted by the host or perhaps dramatically inhibited by the host flora. On the other hand, the avirulent WM-6 hybrid strain was able to maintain itself in the small intestine but to a lesser extent than the parent dysentery culture or the virulent hybrid WM-1. The possibility that the avirulence of the WM-6 strain is due to an inability on its part to invade the intestinal mucosa or to elaborate toxic materials is now under study.
It is encouraging that analysis of over one-half of the chromosome has revealed only one region which appears to be essential for the virulence of S. flexneri 2a for the guinea pig. The results with partial diploid strains are strongly suggestive that the observed virulence alterations of Shigella hybrids are the direct result of the presence of Escherichia genetic ma-'terial rather than some nonspecific phenomenon. In the partial diploids, the hybrid retains its full complement of Shigella genes but is still significantly less virulent than the parental dysentery culture. The strain may return to complete virulence by eliminating the Escherichia chromosomal fragment or become avirulent by incorporation of this fragment. The reduced virulence of the diploid cells indicates that one or more functions (genes?) of the endogenote important for virulence are recessive to or may be replaced by determinants on the Escherchia exogenote. In addition, the data obtained with diploids suggest that the virulence loss associated with the incorporation of the rha+-xyl+ region is very likely not due to deletion or unequal crossing over of Shigella material.
As pointed out previously, evidence is accumulating to show that the chromosomes of E. coli, Salmonella, and Shigella are grossly homologous. This gross homology could indicate that identical chromosomal regions responsible for virulence (or lack of virulence) may be identified in all three groups of organisms. Obviously, one should like to examine the consequences of the transfer of the chromosomal regions implicated by this investigation between well-marked Shigella strains to other enteric species. Luria and Burrous (1957) were successful in preparing F+ Shigella strains, but these were not able to transfer chromosomal segments. Recently, we have been successful in preparing several 2457T Hfr strains (Schneider, Falkow, and Baron, in preparation) . These strains coupled with the available donor cultures of Escherichia and Salmonella should be of considerable interest with regard to the study of genetic homology, virulence, and evolution of species within the Enterobacteriaceae.
